Inpp5b is an ubiquitously expressed type II inositol polyphosphate 5-phosphatase. We have disrupted the Inpp5b gene in mice and found that homozygous mutant males are infertile. Here we examine the causes for the infertility in detail. We demonstrate that sperm from Inpp5b Ϫ/Ϫ males have reduced motility and reduced ability to fertilize eggs, although capacitation and acrosome exocytosis appear to be normal. In addition, fertilin ␤, a sperm surface protein involved in sperm-egg membrane interactions that is normally proteolytically processed during sperm transit through the epididymis, showed reduced levels of processing in the Inpp5b Ϫ/Ϫ animals. Inpp5b was expressed in the Sertoli cells and epididymis and at low levels in the developing germ cells; however, mice lacking Inpp5b in spermatids and not in other cell types generated by conditional gene targeting, were fully fertile. The abnormalities in mutant sperm function and maturation appear to arise from defects in the functioning of Sertoli and epididymal epithelial cells. Our results directly demonstrate a previously unknown role for phosphoinositides in normal sperm maturation beyond their previously characterized involvement in the acrosome reaction. Inpp5b Ϫ/Ϫ mice provide an excellent model to study the role of Sertoli and epididymal epithelial cells in the differentiation and maturation of sperm.
INTRODUCTION
Phosphoinositides (PtdIns) play pivotal roles in various cellular functions, as substrates for the generation of soluble second messengers and as site-specific signaling molecules on cellular membranes. Phosphoinositides regulate protein traffic and the actin cytoskeleton (Corvera et al., 1999; Martin, 1998) and have a role in apoptosis (Azuma et al., 2000) and ion channel regulation (Kobrinsky et al., 2000) . PtdIns(4,5)P 2 is involved in signal transduction and serves as a substrate for enzymes such as phospholipase C and PtdIns 3-kinase (Czech, 2000) . Phosphoinositides operates in the signal transduction cascade that leads to the exocytosis of the sperm acrosome and fertilization of eggs (Wassarman et al., 2001) .
The effects of phosphoinositides and soluble inositol polyphosphates phosphorylated at position 5 on the inositol ring are terminated by hydrolysis of the D5 phosphate by the action of a 5-phosphatase. Nine distinct mammalian 5-phosphatases have been characterized and classified into four types (I-IV), which have different substrate preferences, different expression patterns among tissues, and distinct localization patterns in subcellular compartments. The type II inositol polyphosphate 5-phosphatase Inpp5b hydrolyzes the lipid substrates PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 and also acts on soluble inositol polyphosphates Ins(1,4,5)P 3 and Ins(1,3,4,5)P 4 (Jefferson and Majerus, 1995) . The importance of 5-phosphatases in the cell is clearly implicated through genetic analyses of two other type II enzymes, Synaptojanin-1 and Ocrl1. Like Inpp5b, both enzymes display broad substrate specificity in vitro. Synaptojanin-1 deficient mice have elevated PtdIns(4,5)P 2 levels in neurons and accumulate clathrin coated vesicles at nerve terminals, implicating an essential role for PtdIns(4,5)P 2 in synaptic vesicle recycling (Cremona et al., 1999) . Deficiency of X-linked Ocrl1 causes the oculocerebrorenal syndrome of Lowe, which is characterized by renal Fanconi syndrome, congenital cataracts and mental retardation (Attree et al., 1992) . Interestingly, Ocrl1 deficient mice are phenotypically normal. In previously published experiments, we generated a mutant allele of Inpp5b by homologous recombination in ES cells (Inpp5b Ϫ allele) (Janne et al., 1998) . Our primary goal was to generate mice deficient in both Ocrl1 and Inpp5b to test whether the failure of Ocrl1 Ϫ mice to develop a phenotype analogous to Lowe syndrome in humans could be due to compensation by its close autosomal paralog, Inpp5b. Mice deficient in both Ocrl1 and Inpp5b did not develop Lowe syndrome but, instead, suffered very early embryonic lethality, indicating an overlapping and indispensable function(s) for both enzymes (Janne et al., 1998) .
In the process of generating Inpp5b Ϫ/Ϫ mice for our studies on compensation for Ocrl1 Ϫ , we unexpectedly discovered that homozygous Inpp5b Ϫ/Ϫ male mice were infertile. The abnormalities in sperm production in the Inpp5b Ϫ/Ϫ males were biphasic with an initial loss of germ cells from the seminiferous tubules beginning at day 13 after birth and subsequent recovery of sperm production between 2 and 5 months, which was followed by progressive cellular loss (Hellsten et al., submitted) . Inpp5b Ϫ/Ϫ males remained compromised in their fertility between 2 and 5 months even though testis histology and sperm production appeared to return to normal.
In the present article, we explore the basis for the infertility in the Inpp5b Ϫ/Ϫ male mice. We found multiple defects in mutant sperm function and maturation, which possibly result from a failure of the trophic support that is provided by Sertoli cells in the testis and epithelial cells of the epididymis. Inpp5b and its PtdIns substrates therefore play an important role in cells that support and contribute to sperm development and maturation in the mouse.
METHODS

Sperm Analyses
Sperm were collected from the caudae epididymides of heterozygous Inpp5b ϩ/Ϫ control and homozygous Inpp5b Ϫ/Ϫ mutant 15-to 19-week-old mice into Whitten's medium (Whitten, 1971) containing 22 mM NaHCO 3 and 15 mg/ml BSA (Albumax I, Life Technologies, Grand Island, NY). For standard preparations, sperm were allowed to swim out of one cauda epididymis in 450 l of medium for ten minutes, the tissue was removed and sperm were allowed to capacitate for 2-3 h at 37°C in 5% CO 2 in air. For swim-up preparations, sperm were allowed to swim out of one cauda epididymis in 125 l of medium for ten minutes. This 125 l of concentrated sperm suspension was then pipetted to the bottom of a Falcon tube containing 750 l of Whitten's medium. After 45 min, the top 220 l were removed and placed in a fresh tube. The sperm in this swim-up preparation were then allowed to capacitate for a total of 2-3 h (including swim-up time). Uterine sperm were collected from uteri of superovulated FVB females that had been mated with either WT or Inpp5b Ϫ/Ϫ males. Sperm motility was assessed in a Hamilton Thorne Integrated Visual Optical System Sperm Analyzer (Hamilton Thorne Research, Beverly, MA) with parameters optimized for detection of mouse sperm. Sperm were diluted to 2-10 ϫ 10 6 /ml in Whitten's medium containing 22 mM NaHCO 3 and 15 mg/ml BSA for motility analysis. Motility was tracked for 30 frames at a frame rate of 60 Hz. The progressive velocity (the straight line distance from the beginning to the end of each sperm's track divided by the time elapsed), the path velocity (the total distance along the smoothed average path for each sperm divided by the time elapsed), and the curvilinear velocity (the track speed, or total distance covered by each sperm divided by the time elapsed) were assessed. 100 -200 sperm from each male were analyzed in each experiment.
To assay the acrosome reaction, epididymal sperm were capacitated for 1 h in Whitten's medium and then incubated for 60 min at 37°C in 5% CO 2 in medium either lacking or containing heat-solubilized zona pellucida (ZP). Sperm were fixed for 10 min with 70% ethanol, air dried and stained with 100 g/ml FITCconjugated peanut agglutinin (PNA, Vector Laboratories, Burlingame, CA) and 0.5 g/ml propidium iodide. For each reaction sample, 200 sperm were counted and scored for being acrosomeintact (stained with PNA) or acrosome-reacted (negative for PNA staining).
Capacitation of sperm was assessed by examining levels of tyrosine phosphorylation by immunoblotting protein lysates of sperm that had capacitated in Whitten's medium containing 15 mg/ml BSA for 15, 30, 60, and 120 min (Visconti et al., 1995) .
In Vitro Fertilization Assays
Eggs were collected from superovulated CF-1 mice and the cumulus cells dispersed as previously described (Evans et al., 1997; Evans et al., 1995) . For some IVF experiments, the ZP were removed by a brief incubation in acidic minimum essential medium-compatible buffer (10 mM HEPES, 1 mM NaH 2 PO 4 , 0.8 mM MgSO 4 , 5.4 mM KCl, 116.4 mM NaCl, final pH 1.5) and allowed to recover for 60 min in Whitten's medium. For IVF of ZP-intact eggs, epididymal sperm were capacitated in vitro for two hours. ZP-intact eggs (25-30 eggs per 200 l drop) were inseminated with 500,000 sperm/ml. Following insemination of 2.5 or 5.5 h, eggs were washed to remove loosely attached sperm from the ZP, and then fixed in 3.7-4.0% paraformaldehyde and mounted in VectaShield (Vector Laboratories, Burlingame, California) containing 1.5 g/ml 4-,6-diamidino-2-phenylindole (DAPI, Sigma) to visualize sperm heads. The percentage of eggs fertilized, average number of sperm fused per egg, and the percentage of polyspermic eggs (i.e., the percentage of eggs that fused with at least 2 sperm) were calculated for each group, with 20 -40 eggs counted per group per experiment.
For IVF of ZP-free eggs, sperm from the standard epididymal sperm preparation were allowed to capacitate in vitro for a total of three hours to ensure that a percentage of sperm had undergone spontaneous acrosome reactions. ZP-free eggs (10 eggs per 10 l drop) were inseminated with 25,000 or 100,000 sperm/ml for 90 min. Following inseminations, eggs were washed to remove loosely attached sperm from the plasma membrane, and then fixed, processed and analyzed as described above. For each experiment, 20 -30 eggs were assessed for the aforementioned endpoints of fertilization. Alternatively, ZP-free eggs were inseminated with either 1-3 ϫ 10 6 sperm/ml from standard sperm preparations or 30,000 -60,000 sperm/ml from standard epididymal sperm preparations from control or Inpp5b Ϫ/Ϫ animals (10 eggs per 10 l insemination drop). In these experiments, we observed the eggs at various time points over the 6 -7 h insemination period for the emission of the second polar body. Thirty to 40 eggs per sample (control or mutant sperm) were observed in each of these experiments.
Gene Targeting and Generation of Conditional
Inpp5b
؊/؊ Mice Genomic fragments containing the Inpp5b gene were cloned from a 129S6 mouse genomic library (Jä nne et al., 1998) .To construct a conditional targeting vector, a 1.8 kb Neo cassette flanked from its 3Ј end by a loxP site from pPNT-loxP was cloned into a SpeI site in an intron downstream of Inpp5b exon 15. A second loxP site was cloned into an NsiI site in an intron upstream of Inpp5b exon 15, disrupting the site. Integrity of both loxP sites was verified by sequencing. The TK casette from pPNT-loxP was cloned into a downstream SpeI site. A unique NotI site 5Ј of the homologous sequence was used to linearize the targeting vector before electroporation into TC-1 ES cells (Deng et al., 1996) . Transfected TC-1 ES cells were selected in G418, and resistant colonies screened by Southern blotting. External 0.3 kb SpeI/ BamHI (probe B) and internal 1.0 kb EcoRI (probe A) fragments were used as probes to verify correct targeting and the presence of the 5Ј loxP site, observed by NcoI and NsiI digests of the tail DNA. Two ES cell clones were injected into C57BL/6J blastocysts. Two male chimeras transmitted through the germ line and were used to generate homozygous 129S6.Inpp5b flox/flox animals. Inpp5b tr/tr animals were obtained from crossing 129S6.Inpp5b flox/flox males with females homozygous for the EIIa Cre transgene (FVB/N) (Lakso et al., 1996) . Excision was complete in the F2 offspring. Inpp5b flox was excised in haploid spermatids by mating Inpp5b flox/flox homozygous animals with transgenic mice that express Cre under the control of the Prm1 promoter (mixed BALB/c and C57BL/6) (O'Gorman et al., 1997) , and backcrossing to obtain PrmCre ϩ ; Inpp5b flox/flox animals. Excision of the floxed genomic region was verified by an NdeI digest of tail DNA.
Northern and RT-PCR
Mouse tissues were dissected and total RNA isolated using the TRIZOL reagent (Gibco BRL). Twenty micrograms of total RNA was loaded onto 3.7% formaldehyde gels. Northern hybridization was performed using standard protocols with Inpp5b 3Ј UTR or ␤-actin (Clontech, Palo Alto, CA) as probes. For RT-PCR, 2 g of total testis RNA was DNAse I treated and reverse transcribed using random hexamers (First strand cDNA synthesis kit, Amersham Pharmacia Biotech Inc, Piscataway, New Jersey). PCR was performed using primers KOF 5Ј-aat cca ggt ggc tgc cag gac-3Ј and KOR 5Ј-agg act cgg ttt gca act gca t-3Ј. The primers flank the 137 bp Inpp5b exon 15 that is deleted in the truncated allele. The amplicon sizes are 402 bp and 265bp in the WT and Inpp5b tr allele, respectively.
In Situ Hybridization
Digoxigenin-UTP labeled riboprobes were prepared with DIG RNA labeling kit (Roche Molecular Biochemicals) from linearized plasmid DNA templates. Two sense and antisense probes were generated from the mouse Inpp5b cDNA (nt 3123-3685 and nt 1720 -2252) by PCR cloning into pBluescript SKϩ (Stratagene, La Jolla, CA). Obtained clones were sequenced. Tissues were fixed in 4% paraformaldehyde, cryoprotected in 20% sucrose and embedded in OCT (Miles Inc, Elkhart, IN) . Twenty micrometer frozen sections were cut and transferred to Superfrostϩ (Fisher Scientific) microscope slides. Tissues on slides were postfixed, acetylated, dehydrated, and hybridized as described (Southard-Smith et al., 1998) . After hybridization, slides were treated with RNAse A, exposed to alkaline phosphatase-conjugated anti-digoxigenin antibody (1:1000, Roche Molecular Biochemicals) and riboprobes detected with nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine salt (BCIP) substrate.
Generation of Antibodies and Western Blot Analyses
Antibodies were raised in rabbit against denatured His6 tag protein containing mouse Inpp5b amino acids 887-994. Inpp5b polypeptides were expressed in Escherichia coli strain BL21 from the Inpp5b pET11 construct (Novagen) during a 3 h induction with 0.2 mM isopropyl-D-thiogalactopyranoside (IPTG). Cells were harvested by centrifugation and lysed by freezing and thawing in lysis buffer containing 6 M guanidine hydrochloride (GuHCl), 20 mM Tris⅐Cl, pH 7.9, 0.5 M NaCl, 10% glycerol, and the lysate was cleared by centrifugation at 8,000 rpm. Inpp5b polypeptides were bound over night at room temperature to Ni-Nitrate agarose (Qiagen, Valencia, California) in the lysis buffer. The column was washed with 25 volumes of lysis buffer, and bound protein eluted in the same buffer in an increasing 10 -500 mM imidazole gradient. The denatured protein, eluted at a 60 mM imidazole concentration, was subjected to SDS-PAGE, cut from the gels, and used for immunization.
Rabbits were immunized by subcutaneous injections with Inpp5b fusion protein in Freund's complete adjuvant (service by Zymed Laboratories Inc.). The specificity of the obtained antisera was determined by western blotting using overexpressed protein in COS-1 cells. Antisera were affinity-purified by binding to antigen that was immobilized on nitrocellulose filters, and eluting the bound antisera with 0.8 M glycine, pH 2.3, 0.5 M NaCl. For western analysis, tissues were homogenized in 0.25 M sucrose, 10 mM HEPES (pH 7.4), 0.1 mM EGTA and 0.1 M DTT containing 1 g/ml leupeptin, 1 g/ml aprotinin, and 100 mM PMFA. Sperm samples were withdrawn from the standard epididymal sperm preparation at 0, 15, 30, 60, and 120 min following the start of capacitation in vitro, pelleted and the sperm proteins solubilized in SDS sample buffer. Epididymal fluid was collected as described (Moore et al., 1994) . Cell and tissue protein was run on polyacrylamide gels and proteins blotted to nitrocellulose membranes. Transfer efficiency was monitored by staining membranes in 0.01% Coomassie. Membranes were blocked overnight in 2.5% casein and reacted with affinity purified anti-Inpp5b (1:70), anti-fertilin ␤ (1:800, Chemicon, Temecula, CA), anti-CRISP-1 mab 4E9 (1:500), or blocked in 10% cold water fish gelatin, and reacted with anti-phosphotyrosine antibody (1:10,000, 4G10; Upstate Biotechnology, Lake Placid, NY). Membranes were then washed and signal detected using a horseradish-peroxidase-conjugated secondary antibody (sheep antirabbit or anti-mouse IgG, Sigma). Immune complexes were detected using ECL (Amersham Pharmacia Biotech Inc).
X-Gal Staining of the Epididymides
Dissected epididymides were fixed in 4% paraformaldehyde for 2 h at 4°C and washed in 0.1M NaH 2 PO 4 , pH 7.3, 2 mM MgLc 2 , 0.01% Na-deoxycholate, 0.02% NP-40. Endogenous ␤-galactosidase activity was detected by staining with 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl D-galactopyranoside) in 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide.
RESULTS
Reduced Sperm Counts and Motility in Inpp5b
؊/؊
Males
The generation of inbred 129S6/SvEvTac.Inpp5b Ϫ/Ϫ mice has been described previously (Janne et al., 1998) . Inpp5b Ϫ/Ϫ males were infertile and showed disruption of spermatogenesis with an initial loss of meiotic germ cells beginning at 13 days, but subsequent recovery of sperm production between 2 and 5 months of age. Inpp5b Ϫ/Ϫ males remained infertile despite the evident recovery of sperm production and testis histology (Hellsten et al., submitted) . We therefore examined several parameters of sperm function of 129S6.Inpp5b Ϫ/Ϫ males between 2 and 5 months in an attempt to identify the cellular or molecular mechanisms causing infertility in these animals. Testis, epididymis and seminal vesicle sizes and weights were indistinguishable between Inpp5b Ϫ/Ϫ males and the age-matched control animals (data not shown), indicating no major abnormality in hormonal regulation of spermatogenesis. Total cauda epididymal sperm counts collected by a "standard preparation" in mutant males were moderately reduced to 53% of the corresponding counts in control animals ( Table 1 ). The number of motile sperm collected via a "swim-up preparation" (i.e., from the top of a culture tube after allowing sperm to swim up from a concentrated sperm suspension for 45 min) (Bleil, 1993) was drastically reduced to 4.8% of control. The low sperm counts observed in swim-up preparations from mutant males suggested that the sperm from these animals had reduced motility. Therefore, we analyzed the motility of capacitated cauda epididymal sperm by computer assisted semen analysis (CASA). The sperm samples were simultaneously used in in vitro fertilization (IVF) assays (see below). The percentage of motile sperm was reduced in mutant mice, with 61% of mutant sperm being motile as compared to 85% of motile sperm from heterozygous control animals (Table 1) . Furthermore, sperm velocity parameters (i.e., curvilinear, path, and progressive velocities) were reduced to levels that were 59.9%, 52% and 44.2% of those of control sperm, respectively. In natural matings, sperm from mutant males were ejaculated and swam out from the copulatory plugs, since we found sperm in the uteri of superovulated FVB females that were mated with mutant males. There was a tendency towards smaller uterine sperm counts in the females that were mated with mutant males (Table 1) . However, the number of sperm recovered from uteri of females mated with control or mutant males varied extensively among all mated females, and, therefore, no statistical analysis was possible. Data represents the mean Ϯ SD of (n) individual measurements. Standard cauda epididymal sperm were used for motility analysis. Analyzed mice were 2-5 months old and displayed normal testis histology.
* P values determined by Student's t test.
Fertilization Defects in Sperm from Inpp5b
Males
We performed a variety of IVF assays to determine if sperm from mutant mice were able to fertilize eggs. We inseminated zona pellucida (ZP)-intact eggs with 500,000 sperm/ml for 2.5 and 5.5 h. We also inseminated ZP-free eggs with sperm concentrations of 25,000 or 100,000 sperm/ml for 1.5 h. This experimental design was based on our previous experience with IVF assays using sperm from males of a different strain (Evans et al., 1995; Evans et al., 1998) . We assessed three different endpoints of fertilization: the percentage of eggs fertilized, the average number of sperm fused/egg, and, for the ZP-free eggs, the percentage of polyspermic eggs (i.e., the percentage of eggs fertilized by two or more sperm).
Sperm from Inpp5b Ϫ/Ϫ animals showed severely reduced ability to fertilize ZP-intact eggs. In these IVF assays, sperm from control animals fertilized 18.5% (10/54) of the eggs after 2.5 h and 26.8% (15/56) of the eggs after 5.5 h of inseminations, whereas sperm from mutant animals fertilized 0% (0/59) and 1.7% (1/61) of the eggs, respectively. The average numbers of sperm fused per egg was also greatly reduced in Inpp5b Ϫ/Ϫ animals (Figs. 1A and 1B). The failure of the sperm from mutant animals to fertilize ZP-intact eggs was not due to defects in capacitation or acrosome reaction, since mutant and control animals showed similar levels of tyrosine phosphorylation of sperm proteins after up to 120 min of in vitro culture (data not shown) and underwent spontaneous and ZP-induced acrosome reactions at similar rates (Table 1) . However, we observed that mutant sperm lost their motility during prolonged incubation times, so that after 5.5 h of insemination, mutant sperm barely moved. Since sperm motility is important for sperm penetration of the ZP (Wassarman et al., 2001; Yanagimachi, 1994) , the inability of mutant sperm to fertilize ZP-intact eggs was not surprising. It should be noted that sperm from heterozygous control animals had reduced motility when compared to other mouse strains (data not shown), and in our IVF assays did not perform as well as sperm from other strains, C57BL/6J ϫ SJL/J F1 (Evans et al., 1997; Evans et al., 1995; Evans et al., 1998) and CD-1 (unpublished data).
In experiments using ZP-free eggs, we observed that sperm from mutant animals showed a greatly reduced ability to fertilize eggs when compared to controls, as assessed by comparing the average number of sperm fused per egg (Figs. 1C and 1D ). The percentages of fertilized eggs and of polyspermic eggs were also reduced in samples with the sperm from mutant males. When 100,000 sperm/ml were used, control inseminations resulted in 74.8% (80/ 107) of the eggs being fertilized, with 34.6% (37/107) of the eggs being polyspermic, whereas sperm from Inpp5b Ϫ/Ϫ males fertilized only 24.3% (27/111) of the eggs with 0% being polyspermic. When 25,000 sperm/ml were used, control sperm fertilized 56.1% (60/107) of the eggs and 13.1% (14/107) of the eggs were polyspermic; in contrast, sperm from knockout males fertilized only 12.1% (14/116) of the eggs and only 0.9% (1/116) were polyspermic. The observation that some ZP-free eggs were successfully fertilized by sperm from Inpp5b Ϫ/Ϫ animals indicates that a portion of these sperm were able to undergo spontaneous acrosome reactions in vitro, in agreement with our experiments using fluorescent peanut agglutinin to assess the status of the acrosome reaction (Table 1 ). Although we were not able to perform the most appropriate assays for sperm-egg binding (Redkar and Olds-Clarke, 1999; Wong et al., 2001) due to experimental constraints, we did observe that eggs inseminated with sperm from control animals had many more sperm bound to the egg plasma membrane than did eggs inseminated with sperm from mutant animals after 90 min insemination (control, range 0 -20 sperm/egg, average 5.2 Ϯ 0.7 [n ϭ 46 eggs]; mutant, range 0 -3 sperm/egg, average 0.5 Ϯ 0.1 [n ϭ 49 eggs]. This was likely due, at least in part, to the reduced motility of the sperm from mutant animals, resulting in a reduced number of sperm-egg contacts.
Since sperm from the Inpp5b Ϫ/Ϫ males were largely ineffective at fertilizing ZP-free eggs in 90 min at a concentration of 100,000 sperm/ml, we performed additional experiments using 1-3 ϫ 10 6 sperm/ml from standard preparations and extended insemination times. In these experiments, fertilization was assessed by observing the inseminated eggs at various time points for up to 7 h for the emission of the second polar body (indicative of egg activation and exit from metaphase II arrest upon fertilization). The sperm from two of three mutant males tested showed greatly reduced ability to fertilize eggs, despite the increased concentration of sperm and the increased insemination time ( Figs. 2A and 2B ). The sperm from one of the three Inpp5b
Ϫ/Ϫ mutant males tested was able to fertilize eggs at rates comparable to the sperm from a control male (data not shown).
We also tested the ability of mutant sperm from the swim-up preparations to fertilize ZP-free eggs. Very few sperm from the mutant males had sufficient motility to be isolated in the swim-up preparation, and thus swim-up preparations from mutant males had very low concentrations (Table 1) . However, a CASA study indicated that motility parameters of swim-up sperm from one mutant (Ͻ100 sperm measured) and one control male were similar (data not shown; swim-up preparations from mutant males rarely yielded enough sperm for adequate CASA studies) and higher than sperm from standard preparations. Using 30,000 -60,000 swim-up sperm/ml, sperm from control males fertilized nearly 100% of the eggs after 2-4 h. However, swim-up sperm from Inpp5b Ϫ/Ϫ males fertilized only 20 -25% of eggs even after insemination for 6 -7 h (Figs. 2C and 2D ). This significantly reduced ability of mutant swim-up sperm to fertilize ZP-free eggs occurred despite the fact that these sperm were motile. These data therefore indicate that reduced motility of mutant sperm is not the only defect causing fertilization failures, and that additional components of sperm maturation and/or function may be disrupted in the Inpp5b Ϫ/Ϫ mice.
Role of Inpp5b in Sperm Function
The successful production and subsequent maturation of sperm requires complex crosstalk between different cell types in the testis and the epididymal environment. Since loss-of-function of Inpp5b is associated with male sterility, we asked where Inpp5b is expressed in the male reproductive tract to understand which cells contribute to the infertility. We performed mRNA in situ on adult testis sections using two different Inpp5b riboprobes, and localized Inpp5b mRNA to the basal cell layer of the seminiferous tubules (Figs. 3A and 3B) . Staining was often striated and extended towards the lumen of the tubules (Fig. 3A,  arrow) , characteristic of Sertoli cell cytosol. Faint staining was associated with spermatocytes and spermatids. Interstitial Leydig cells were negative for Inpp5b RNA. By western blot, the 73 kD Inpp5b isoform was present in the testis and epididymis lysates but not in the mature sperm collected from cauda epididymis. In addition to a 73 kD isoform, a 63 kD Inpp5b isoform was present in the epididymal tissue lysates (Fig. 3D) . Inpp5b is thus expressed in the somatic Sertoli cells and epididymal epithelial cells, and may be expressed at low levels in spermatogonia and the differentiating spermatocytes and spermatids.
To test if Inpp5b function in germ cells is essential for fertility, we set out to generate cell-type specific Inpp5b deficient animals where Inpp5b would be lost only in spermatids. This was done by employing the Cre-loxP methodology that allows tissue-and cell-type specific inactivation of genes (Nagy, 2000) . To this aim, we first generated 129S6.Inpp5b flox/flox animals in which Inpp5b exon 15 was flanked by two loxP sites (Fig. 4A) . Deletion of this exon by introducing Cre would result not only in loss of a portion of the highly conserved 5-phosphatase domain but also in a shift in the reading frame of the Inpp5b mRNA. Correct gene targeting in ES cells and transmission of the floxed (Inpp5b flox ) allele were verified by Southern blot analysis (Fig. 4B) . The insertion of the two loxP sites and a neo cassette into the introns of Inpp5b did not result in disturbances in the expression of Inpp5b, assessed by Northern and western analysis (data not shown). Furthermore, both heterozygous Inpp5b ϩ/flox and homozygous Inpp5b flox/flox animals were phenotypically normal with normal fertility and testis histology (data not shown). We next verified that the loxP sites were functional and that the excision of the genomic region flanked by the loxP sites resulted in inactivation of Inpp5b. This was done by mating homozygous Inpp5b flox/flox males with transgenic FVB/N females carrying Cre under the EIIa promoter, which activates Cre in oocytes (Lakso et al., 1996) . Correct excision and transmission of the excised allele (Inpp5b tr ) was verified by Southern blot of F1 offspring (Fig. 4B) (Fig. 4C) , and RT-PCR analyses using primers flanking exon 15 confirmed that no WT Inpp5b allele was expressed by homozygous Inpp5b tr/tr animals (Fig. 4D ). Western analyses showed that the 73 kD and 63 kD Inpp5b isoforms were not present in testis and epididymis lysates from the Inpp5b tr/tr mice (Fig. 3C) . Thus, we showed that the loxP sequences indeed were functional, their presence in the mouse genome did not cause a phenotype, and excision of the loxP-flanked region resulted in the loss of Inpp5b expression.
Test matings of the Inpp5b tr/tr males in the mixed 129S6 ϫ FVB/N background (FVBS6) gave a surprising result. In contrast to inbred 129S6.Inpp5b Ϫ/Ϫ animals where all males were infertile (Hellsten et al., submitted), 9/20 Inpp5b tr/tr males were fertile and sired pups, although the average litter sizes were reduced to about half of controls, while 11/20 were infertile ( (Hecht et al., 1986) 
Defects in Fertilin ␤ Processing in the Inpp5b
؊/؊
Males
Maturation of sperm in the epididymis is a necessary prerequisite for a number of sperm functions, including motility. The reduced motility of sperm from the mutant animals thus suggested that some aspects of epididymal maturation were compromised in the Inpp5b Ϫ/Ϫ males. Therefore, we examined three markers of epididymal function: ␤-galactosidase, CRISP-1 and fertilin ␤. ␤-galactosidase is a marker for epididymal regionalization (SonnenbergRiethmacher et al., 1996) , and CRISP-1 an epididymal protein that becomes associated with sperm during epididymal transit and is a candidate protein to participate in sperm-egg fusion (Evans, 1999) . Fertilin-␤ is a sperm surface protein that mediates sperm-egg membrane binding. It is synthesized as a precursor in the testis and cleaved to its mature form in the corpus epididymis (Evans, 1999) . Based on in vitro studies of guinea pig fertilin ␤, this processing occurs via the activity of an as yet unidentified serine protease (Blobel, 2000; Lum and Blobel, 1997) .
We did not observe any differences between mutant and control animals in the localization of ␤-galactosidase activity in the caput and corpus epididymis (detected by wholemount X-gal staining of the epididymis) (SonnenbergRiethmacher et al., 1996) , or in the secretion of CRISP-1 (detected by immunoblot analysis of caput and corpus epididymal lumen with an anti-Crisp1 antibody) (Xu et al., 1997) (data not shown). However, fertilin ␤ processing was abnormal in infertile Inpp5b Ϫ/Ϫ animals. The 101 kD fertilin ␤ precursor was present in the testis lysates of both control and mutant inbred 129S6 animals (Fig. 5) . Fertilin ␤ was proteolytically processed to a 45 kD mature protein in the sperm from caudae epididymides of 129S6 control animals. In contrast, some of the fertilin ␤ precursor remained unprocessed in the sperm of infertile 129S6.Inpp5b Ϫ/Ϫ animals (Fig. 5, lane 6 ). We were also interested in fertilin ␤ processing in the Inpp5b tr/tr animals in the mixed FVBS6 background, in which approximately half of the males were sterile and half fertile. Cauda epididymal sperm were isolated from animals of proven fertility or infertility (based on test mating the males for 8 weeks with at least 2 females) and analyzed for fertilin ␤ processing. Fertilin ␤ processing was normal in the fertile mixed background FVBS6.Inpp5b tr/tr males (Fig. 5, lane 4) . In contrast, incomplete processing of fertilin ␤ was evident in sperm of the infertile FVBS6.Inpp5b tr/tr males (Fig. 5, lane 5) , similar to what was seen with the inbred 129S6.Inpp5b Ϫ/Ϫ males (Fig. 5, lane 6) . Thus, the infertility phenotype in the mixed background mice correlates with the ability of the mutant animals to successfully complete fertilin ␤ processing. Of note, sperm motility from the infertile 
DISCUSSION
We have previously demonstrated that the 129S6.Inpp5b Ϫ/Ϫ male mice are infertile and display a defect in cell adhesion in the testis (Hellsten et al., submitted) . The mutant males show an initial loss of germ cells and vacuolization in the seminiferous tubules beginning on day 13 after birth, then subsequent recovery of sperm production between 2 and 5 months, which is followed by progressive cellular loss. However, mutant males remained compromised in their fertility despite the recovery of sperm production. Here we have characterized the cellular and molecular defects in sperm function causing infertility of the Inpp5b Ϫ/Ϫ male mice.
129S6.Inpp5b
Ϫ/Ϫ animals displayed a spectrum of sperm defects, including reduced sperm counts, reduced sperm motility, reduced abilities of the sperm to fertilize ZPintact and ZP-free eggs, and impaired proteolytic processing of fertilin ␤ when compared to control animals. The spermatogenic failures have been described previously (Hellsten et al., submitted) , and the moderate reductions in epididymal sperm counts between 2 and 5 months of age could be explained if, in some seminiferous tubules, the recovery from the initial defect in spermatogenesis were not complete and some tubules lagged behind in sperm production.
One significant physiological process that appeared to be impaired, at least in part, in the Inpp5b deficient animals is epididymal maturation of the sperm. Testicular mammalian sperm lack the ability to fertilize an egg until they acquire normal motility and fertilization capabilities through post-testicular maturation processes that occur in the epididymis (Yanagimachi, 1994) . Some components of epididymal maturation appeared to be normal in the 
Inpp5b
Ϫ/Ϫ males, as sperm from these animals were able to undergo normal capacitation and ZP-induced acrosome reactions; other markers of epididymal function, such as ␤-galactosidase localization and CRISP-1 secretion, were also similar to control animals. However, the reduced motility and the incomplete proteolytic processing of fertilin ␤ in sperm from mutant animals indicate that the loss of Inpp5b affects the proper functioning of the epididymis, since sperm acquire motility and fertilin ␤ is processed during transit through the epididymis.
Sperm from Inpp5b Ϫ/Ϫ animals at 2-5 months of age were clearly deficient in their motility, as evidenced by the drastically reduced numbers of swim-up sperm, reduced sperm motility in CASA examinations, and visual observation of the loss of motility of mutant sperm during extended insemination times (i.e., Ͼ4 h). The reduced abilities of sperm from the mutant animals to fertilize both ZP-intact and ZP-free eggs can be partially attributed to reduced motility. Motility is required to penetrate the ZP (Yanagimachi, 1994) . Furthermore, contact with the ZP or the egg membrane could be reduced since the poorly motile sperm often tended to agglutinate (data not shown). However, failure to fertilize ZP-intact eggs does not appear to be due to an inability of the sperm to undergo ZP-induced acrosome reactions. This is of interest because ZP-induced acrosomal exocytosis appears to involve signaling through Ins(1,4,5)P 3 -mediated pathways (Roldan et al., 1994; Tomes et al., 1996; Walensky and Snyder, 1995) . Our results indicate that a lack of Inpp5b in the male reproductive tract does not affect the ability of sperm to respond to the ZP. Furthermore, it indicates that the sperm from mutant animals are able to undergo capacitation (in agreement with our observation of control levels of tyrosine phosphorylation), as capacitation is a maturational process that precedes and is a prerequisite step for the acrosome reaction (Visconti et al., 1998) .
A portion of sperm from mutant animals can bind to and fuse with the plasma membranes of ZP-free eggs, albeit with reduced efficiency as compared to control sperm. This reduced efficiency could be due to multiple contributing factors, including reduced motility (and subsequent reduced contacts with the egg plasma membrane) and the presence of unprocessed fertilin ␤ precursor molecules on the sperm surface that are less able to support sperm-egg adhesion when compared to its mature form (see below). The observation that sperm from mutant animals can fertilize some ZP-free eggs is further evidence that the sperm are able to undergo capacitation and spontaneous acrosome reactions.
The impaired proteolytic processing of fertilin ␤ is an intriguing aspect of the sperm defects observed in the Inpp5b Ϫ/Ϫ mice. Fertilin ␤ is one of the best characterized mammalian sperm surface proteins mediating sperm-egg membrane interactions (Blobel, 2000; Evans, 1999) . In bull, guinea pig, and mouse sperm, fertilin ␤ forms a heterodimer with a related protein, fertilin ␣, both of which are members of the ADAM (A Disintegrin and A Metalloprotease) family of proteins (Evans, 1999) and are proteolytically processed during sperm development at a cleavage site between the metalloprotease and disintegrin domains. The resultant mature forms of these proteins on the sperm surface lack the prodomain and the metalloprotease domain, but contain the disintegrin domain, the cysteine-rich domain, and an EGF-like repeat. Fertilin ␣ is processed while sperm are in the testis, but fertilin ␤ is processed during epididymal transit (Blobel, 2000; Evans, 1999) . Specifically, fertilin ␤ is processed at some point between the caput and cauda epididymis in the mouse (Cho et al., 2000) , the rat (McLaughlin et al., 1997) , and the macaque (Frayne et al., 1998) . The processing of guinea pig fertilin ␤ has been more precisely localized to specific subdomains of the epididymis, with processing being evident in sperm from regions II and III and complete in sperm from region IV, prior to where sperm acquire motility and the ability to acrosome react in response to calcium ionophores (Region V, roughly corresponding to the corpus epididymis in other species) (Hunnicutt et al., 1997) . It is speculated that proteolytic processing of guinea pig fertilin ␤ functionally activates the protein by exposing the disintegrin domain (Blobel, 2000) which mediates sperm-egg membrane binding (Zhu et al., 2000; Bigler et al., 2000) .
The origin of the protease(s) that process fertilin ␤ is currently unknown. It is possible that the protease is present on sperm and is activated in the corpus epididymis. Alternatively, corpus epididymal epithelial cells may secrete the protease required for fertilin ␤ activation (Blobel, 2000) . Fertilin ␤ is apparently targeted to the sperm surface and accessible to extracellular protease in the Inpp5b Ϫ/Ϫ mice, since a significant portion of fertilin ␤ is processed in these animals. However, the presence of some fertilin ␤ precursor on the mutant sperm may interfere with the oligomerization, the translocation, or the folding of fertilin ␤, thus acting as dominant-negative. Interestingly, sperm from fertilin ␤ deficient animals have reduced ability to fertilize ZP-intact and ZP-free eggs and show reduced transit up the female reproductive tract (Cho et al., 1998) . Our finding that fertilin ␤ processing was normal in proven fertile Inpp5b deficient animals, but was abnormal in proven sterile Inpp5b deficient animals in both mixed 129S6/FVB and inbred 129S6 strains suggests that incomplete fertilin ␤ processing correlates, directly or indirectly, with male infertility. Of course, maturation of other sperm surface proteins processed in the epididymis, such as cyritestin or ADAM3, might also be affected by a lack of Inpp5b. An examination of other particular sperm-surface proteins that are known to be processed, as well as a more general screen for novel surface proteins whose processing is affected by deficiency in Inpp5b, will be the subject of future studies.
The abnormalities in sperm function and maturation from Inpp5b Ϫ/Ϫ animals are not caused by intrinsic defects in sperm themselves, but rather, by a primary defect in epididymal and perhaps Sertoli cells. We showed that Inpp5b is predominantly expressed in Sertoli cells in the testis and epididymal epithelial cells, and at low levels in spermatocytes and spermatids. However, loss of Inpp5b only from spermatids and sperm did not result in compromised fertility of the generated conditional Inpp5b deficient male mice. In addition, we showed that Inpp5b is not present in mature sperm. We therefore propose that sperm maturation in the epididymis and possibly Sertoli cell nurse function are compromised in Inpp5b Ϫ/Ϫ animals, contributing to the combination of abnormalities we see in the mutant sperm.
The severity of the infertility phenotype in Inpp5b Ϫ/Ϫ mice is dependent on the mouse background. As we have previously shown, inbred 129S6.Inpp5b Ϫ/Ϫ males are completely infertile, while half of the Inpp5b Ϫ/Ϫ males in a mixed 129S6 and FVB/N background are sterile and half fertile. After three generations of back crossing the fertile FVBS6.Inpp5b tr/tr males to 129S6.Inpp5b Ϫ/Ϫ females, half of the resulting male offspring continue to be fertile and half infertile, suggesting there is probably a single major modifier locus from the FVB/N origin that can reverse the infertility. The modifier could represent allelic variants of other inositol polyphosphate 5-phosphatases or sperm proteins important for motility and fertilization, including a component of the pathway by which the protease that acts on fertilin ␤ is activated or perhaps targeted from epididymal epithelial cells. The FVB/N modifier is not likely to be the protease itself, since it is at least partially active in the Inpp5b deficient animals. We are currently in the process of generating congenic lines to map and, ultimately, identify the FVB modifier.
How could loss of function of Inpp5b result in defects in fertilin ␤ processing and motility? Inpp5b is an inositol polyphosphate 5-phosphatase that regulates the levels of 5-phosphorylated phosphoinositides on cellular membranes. Inpp5b substrates PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 have been implicated in multiple steps in protein trafficking, secretion, endocytosis, and phagocytosis (De Camilli et al., 1996) . By hydrolyzing the D5 phosphate from phosphoinositides, Inpp5b is believed to silence their effects on cellular membranes. It is logical to hypothesize that Inpp5b, which we have shown affects protein trafficking from the plasma membrane in Sertoli cells in the testis (Hellsten et al., Submitted) , may affect targeting and/or secretion of the protease that acts on fertilin ␤ in the epididymal epithelial cells. Interestingly, a number of other male mice with specific genetic deficiencies have somewhat similar although not completely identical combinations of various sperm function defects. These include mice deficient in calmegin (Ikawa et al., 1997) , fertilin ␤ (Cho et al., 1998) , cyritestin (Nishimura et al., 2001) , and testicular angiotensin-converting enzyme (Hagaman et al., 1998) which are expressed in male germ cells and sperm, and mice lacking apolipoprotein B (Huang et al., 1996) c-ros (Sonnenberg-Riethmacher et al., 1996) , and estrogen receptor ␣ (Mahato et al., 2000) , which are expressed and/or required in the testes and/or epididymides. Taken together, these data indicate that a wide variety of different genes, expressed in the sperm and in the somatic cells of the testis, the epididymis, and other parts of the male tract, are critical to the development of fully functional sperm, and that failures in any number of different pathways can lead to male infertility. In human populations, approximately 4 -5% of otherwise healthy men suffer from infertility for which no clinical explanation can be given (Baker, 1986; Bhasin et al., 1994) . There is also evidence that up to 1,500 recessive genes contribute to male fertility in Drosophila, suggesting that the control of human male fertility could be of at least comparable genetic complexity (Hackstein et al., 2000) . Generation and analyses of infertile animal models, and extrapolating the obtained data to humans, is a power-ful tool for identifying genes and pathways involved in human male sterility. Studies of the detailed molecular mechanisms that cause sperm defects in Inpp5b Ϫ/Ϫ animals should therefore prove useful in dissecting out the role of phosphoinositide metabolism in fertility, spermatogenesis, and sperm maturation in the epididymis. Furthermore, since Inpp5b deficiency causes secondary sperm defects due to a primary defect in somatic cells, this protein is also a potential target for the design of specific inhibitors to serve as male contraceptives.
